ABSTRACT: Biological ion channels are molecular devices that allow a rapid flow of ions across the cell membrane. Normal physiological functions, such as generating action potentials for cell-to-cell communication, are highly dependent on ion channels that can open and close in response to external stimuli for regulating ion permeation. Mimicking these biological functions using synthetic structures is a rapidly progressing yet challenging area. Here we report the electric field modulation of the membrane potential phenomena in mechanically and chemically robust solid-state ion channels, an abiotic analogue to the voltage-gated ion channels in living systems. To understand the complex physicochemical processes in the electric field regulated membrane potential behavior, both quasi-static and transient characteristics of converting transmembrane ion gradients into electric potential are investigated. It is found that the transmembrane potential can be adequately tuned by an external electrical stimulation, thanks to the unique properties of the voltage-regulated selective ion transport through a nanoscale channel.
C onstruction of protocells (artificial cells with a minimum set of components to reproduce one or several cell functions) provides a novel platform to understand the complex biological−physical−chemical processes in a living biological cell. The most indispensable components in constructing protocells are the cell membranes in which ion channels are embedded to facilitate chemical and electrical communication with the extracellular environment. Most of the work so far has used soft materials such as phospholipids and polymersomes to implement the ion channel elements. 1, 2 Although these soft materials are native relatives to living cell membranes and have proved to be very useful for a range of interesting experiments, 1 they exhibit a number of disadvantages such as limited stability under various pH, salt concentration, temperature, and mechanical stress conditions. Fabrication of the membranes from solid-state materials presents obvious advantages over their soft matter counterparts, such as very high stability, adjustable surface properties, and the potential for integration into devices and networks. Indeed, development of mechanically and chemically robust solid-state nanopores 2 and nanochannels 3 has already been a rapidly growing area of research due to various practical applications, such as single molecule sensors, 4 energy conversion, 5 and desalination. 6 One of the most important characteristics in biological ion channels is its selectivity, which allows only specific kind of ions to pass through. The mechanism by which many biological channels achieve selectivity is on the molecular level. For example, in voltage-gated ion channels, 7 a conformational change will be initiated when the proteins bearing charged amino acids inside the ion channel relocates upon changes in the transmembrane electric field. Direct implementing physical conformational variation in solid-state platforms is a daunting task. 8 Instead, the electrostatic interactions, described by Poisson−Nernst−Planck equations, 9−11 are widely used to achieve the charge selectivity in solid-state structures. 12, 13 Inspired by the action potential generation behavior in voltage-gated ion channels, we here propose and demonstrate a solid-state protocell built from top-down fabricated artificial solid-state ion channels (ASIC), whose membrane potential can be modulated by an orthogonal electric field. Previous experimental studies in solid-state nanochannels have considered almost exclusively the voltage-driven phenomena, that is, the passage of ions through the nanochannels upon a potential gradient (i.e., the current−voltage relationship 1, 2, 12, 14 ) . The membrane potential phenomenon, essentially an open circuit and concentration-driven process, has been barely investigated in artificial ion channel systems. 5, 15, 16 This study adds another dimension to the unique properties of the regulated selective ion transport through a nanoscale channel.
Device Structures. The protocell we envision to reproduce the membrane potential phenomena in biological cells ( Figure  1a ) is schematically shown in Figure 1b . It is a three-terminal device that is similar to a nanofluidic field effect transistor (FET), 12, 13 except that the longitudinal driving force is a concentration gradient instead of a potential gradient. It is wellknown that biological voltage-gated ion channels consist of three basic parts: a voltage sensor, a conducting pathway, and a gate that can physically open/close. 7 The protocell device ( Figure 1b ) has all of these functional components. The capacitor between the stimulation gate and the nanochannel provides a mechanism for voltage sensing. The electrostatic potential inside the nanochannel forms a virtual potential gate, regulating the ion permeability through the nanochannel (conducting pathway). The orthogonal electric field, produced by the stimulation voltage (V s ), is expected to mediate the ionic selectivity through electrostatic principles. Standard microprocessing techniques are used to fabricate the protocell devices ( Figure 1c) . A sacrificial layer removal method with a novel "bond followed by etch" scheme 17 is utilized to reliably produce the nanochannels (ranges from 8 to 20 nm in height, Figure 1d). A detailed description of the device fabrication can be found in the Methods section.
Working Principles. The steady-state membrane potential ΔV ct developed across an ion selective membrane (Figure 1b) can be described by,
where R, T, and F are the universal gas constant, absolute temperature, and Faraday constant, respectively. [x] denotes the salt concentration in the x side (x = cis or trans). t + is the cation transport number, that is, the ratio of cations to all ions in the channel. With increasing V s , the cation/anion concentration will be diminished/enhanced accordingly. Therefore t + is a monotonic decreasing function of V s , bounded within 0 and 1 (Figure 2a ). The stimulation voltages at which t + →1 (pure cation selectivity), t + = 1/2 (no selectivity), and t + →0 (pure anion selectivity) is defined as V sp , V N , and V sn , respectively ( Figure 2a) . By modulating the steady-state t + through stimulation voltage V s , it is therefore feasible to modulate the membrane potential ΔV ct .
Quasi-Static Behavior. We first carried out quasi-static experiments to verify the above working principles. It is worth noting here that, for the measurement shown in Figure 1b , one cannot ignore that each Ag/AgCl probing electrode is in contact with solutions of different concentrations, and therefore they bear different electrode/electrolyte potentials. 15, 19 The measurement gives the potential difference of the whole cell from which the electrode potential difference must be subtracted to obtain the intrinsic ΔV ct value (Supplementary Figure S1 ). All ΔV ct values presented in this study are after this electrode potential difference correction, unless otherwise noted. , the trend between ΔV ct and t + becomes opposite. Moreover, ΔV ct can be modulated into different polarities, thanks to t + > 1/2 when V s = −1.5 V and t + < 1/2 when V s = 1.5 V (the V sp , V N , and V sn value can be extracted from the measurements as −0.15 V, 0.64 V, and 1.25 V, respectively).
The quasi-static ΔV ct modulation is also salt concentration dependent. The red squares in Figure 2c show the steady-state ΔV ct −V s relationships for [trans] ranging from 10 μM to 1 M and [cis] fixed at 10 μM, using the same device of σ s = −0.28 mC/m 2 . As can be seen, when increasing the trans concentration, it is harder and harder to experimentally access the V sp and V sn voltages because of the smaller Debye length compared with the nanochannel dimensions, leading to a situation where creating a unipolar ion environment becomes impossible. The V N values can be extracted from the ΔV ct = 0 point, which gives the same value of 0.64 V.
Another factor that affects the quasi-static behavior is the surface charge density on the nanochannel walls. The blue triangles in Figure 2c present the results for the device with σ s = −1.6 mC/m 2 (Supplementary Figure S2 ). With such a high negative surface charge, the nanochannel is dominated by cations (t + > 1/2), since V s within ± 1.5 V is too small to reverse the charge polarity (the smallest absolute V s required to reverse is approximately 2σ s d ox /ε 0 ε ox , which is around 4.7 V for σ s = −1.6 mC/m 2 and d ox = 50 nm). As a result, ΔV ct can only be modulated within the positive range for [trans] > [cis] (eq 1). The maximum modulation range of ΔV ct in σ s = −1.6 mC/ m 2 is much less than that in σ s = −0.28 mC/m 2 , when V s ranges from −1.5 to 1.5 V. This inefficient modulation is due to the fact that an inherent high surface charge density resembles high densities of surface states in a FET, making electrostatic modulation over the ionic population (and thus t + ) difficult. 17 Therefore, a nanochannel with lower surface charge density is favorable for an efficient modulation of ΔV ct .
A thorough quasi-static ΔV ct −V s measurement at various cis and trans concentrations (ranging from 10 μM to 1 M, respectively) is performed for devices with high and low surface charge densities (Supplementary Figure S3) . Besides a remarkable qualitative agreement between the experiment and the predictions from eq 1, a reasonable quantitative agreement is also attainable by numerical calculations from both classical Teorell−Meyer−Sievers (TMS) model and space charge (SC) model 20−22 (Supplementary Figure S3) . Transient Behavior. The above quasi-static analysis applies only if the stimulation voltage V s changes at a rate slower than that required for all ions to redistribute themselves via drift and diffusion. If a voltage ramp is applied, the modulation behavior will depend on the magnitude of dV s /dt. We investigate here an extreme case with a step V s to characterize the device transient behavior. A representative ΔV ct waveform as a function of time is shown in Figure 3 . The stimulation voltage V s is stepped from −1.5 to 1.5 V (Figure 3, inset a) . Immediately following the applied step, ΔV ct rises from an equilibrium value (state 1) of −69.7 ± 4.40 mV, to a peak value of 452.74 mV, and then decays to another equilibrium value (state 2) of −30.3 ± 4.20 mV with a characteristic relaxation time τ. The variation of ΔV ct following a step in stimulation voltage V s can be understood by looking at the device structure ( Figure  3 , inset b) and its equivalent circuit (Figure 3, inset c) . A micro/nano channel interface acts as an ionic diode, with a cation selective nanochannel as a p region.
14 Therefore, the two micro/nano channel interfaces can be treated as two diodes, 23 connecting anode-to-anode through the nanochannel, capacitively coupled to the stimulation electrode through a capacitor C ox (Figure 3, inset c) . Let us now consider one of the diodes. When a charge-selective nanochannel is in isothermal Donnan equilibrium with an adjacent microfluidic reservoir, a Donnan potential will appear at the micro/nano channel interface and can be expressed as 24 
, where z i is the valence of ion i and c i nc and c i bulk are the concentration of ion i in the nanochannel and in the reservoir, respectively. This Donnan potential is analogous to the built-in potential in semiconductor diodes. It can be seen that the higher the reservoir concentration, the lower the Donnan potential. For the case of [cis]/[trans] = 100 mM/100 μM, the Donnan potential in the trans side is much higher than the cis side.
Referring to the inset d of Figure 3 , immediately after the V s step is applied (t = 0 + ), the floating nanochannel body potential will exactly follow the rapid change in V s (dashed purple line). As a result, ΔV ct will experience the same abrupt change as in V s , up to the amount allowed by RC time constant limitations (i.e., ΔV ct at t = 0 + (∼ 0.5 V) is less than the step change in V s (3 V)). Following this, the potentials in the system will attempt to reach steady-state as ions redistribute themselves via Poisson−Nernst−Planck principles 10, 11, 25 (dashed blue line). This equivalent picture thus successfully explains the observed time evolution of ΔV ct . For completeness, notice that a falling edge step in V s , shows a similar but inverted behavior (Supplementary Figure S4) .
Identifying Factors Affecting Characteristic Relaxation Time. When applying an abrupt step stimulation voltage (Figure 4a ), the ionic concentration and potential distribution in the nanochannel is disturbed from equilibrium. In a hydroxyl group terminated SiO 2 nanochannel filled with KCl solution, there are three possible physicochemical processes happening during this transient period 26 (Figure 4b ): (1) protonation or deprotonation upon external electric field, (2) adsorption or desorption of counterions in the Stern layer, and (3) ion exchange between the nanochannel and reservoirs. These three dynamic processes taken together determine the characteristic time required to reach a new equilibrium. Processes 1 and 2 are channel surface-related radial dynamics that are dependent on the bias history of V s . We found in the experiments that the characteristic relaxation time τ is dependent on both the prebias time (t pb ) and the step amplitude (ΔV step ) of V s (Figure 4a ). With a fixed voltage step, the longer the prebias time, the slower it is to reach a new equilibrium (Figure 4c ), while for a fixed prebias time, a larger step voltage in V s results in a larger τ value (Figure 4d ). Figure  4e further shows the characteristic relaxation time is indeed affected by both t pb and ΔV step . This dependence of τ on the V s history is because the amount of the transiently generated/ diminished H + or K + is strongly affected by the prebias time and the voltage step amplitude. For example, Eijkel et al. showed that the capacitive release or uptake of protons at the dielectric-electrolyte interface is positively proportional to the applied voltage, 27 whereas Han et al. showed that the small but inevitable leakage current related water electrolysis produces a change of proton concentration, affected by both the bias voltage and time. 28 An excessive amount of the transient ions requires a longer time to remove before reaching another equilibrium state. It is thus important that any valid comparison on the relaxation time must be performed with the same bias history to ensure a comparable starting microenvironment.
Process 3 is an axial kinetic process which is governed by the ambipolar drift-diffusion equation without generation and recombination. 12 The characteristic time in this process can be estimated as τ ∼ L 2 /4D a , where L is the diffusion length and D a is the ambipolar diffusion coefficient (Supplementary Methods). Figure 5a shows the characteristic time as a function of nanochannel length ranging from 17 to 116 μm, with ΔV step and t pb being constant (decoupling the axial process from the radial process to make the comparison valid). The parabolic fitting curve in Figure 5a demonstrates a remarkable agreement with the predicted parabolic dependence of τ on the channel length.
The axial kinetics (process 3) are also dependent on the reservoir concentrations. We measured the characteristic time for different salt concentrations. As shown in Figure 5b , the case of [cis] = 100 mM takes less time to reach equilibrium than the case of [cis] = 10 mM at a same ΔV step (both with [trans] = 100 μM). This reduced τ value at higher cis concentration is because of two factors. First, the higher the cis concentration, the more pronounced Debye screening in the cis side of the nanochannel. The effective channel length is therefore reduced in the [cis] = 100 mM case, resulting in a short diffusion time. Second, the relative change of the ion concentration in the [cis] = 100 mM case is much smaller than in the [cis] = 10 mM case (Supplementary Figure S5) . As a result, less time is needed to reach a new equilibrium in the high concentration case. Figure 5b also shows the slope of the τ ∼ ΔV step is dependent on the salt concentrations. This can be explained by the model proposed by Eijkel et al., 27 where the amount of protons transiently generated upon an applied gate voltage can be expressed as N = V S C ox C buff /(C buff + C DL ), in which C buff is the surface intrinsic (chemical) buffer capacitance and C DL is the double layer capacitance. As a result, dτ/dV S ∼ dN/dV S ∼ 1/(C buff + C DL ). Increasing the salt concentration will lead to an increase of C DL and thus a decreased dτ/dV S , consistent with Figure 5b .
We also investigate the effect of nanochannel surface charge density on the characteristic time. Figure 5c shows that it takes longer time for the low surface charge density device (with σ s = −0.28 mC/m 2 ) to reach a new equilibrium than the native device (with σ s = −1.6 mC/m 2 ). This can also be understood by looking at the relative ion concentration change in the nanochannel. With a reduced σ s , a larger relative concentration change occurs because of the more effective ion population modulation. A numerical calculation shows that the relative concentration change is indeed higher in the nanochannel with a less charged surface (Supplementary Figure S6) . The slope of the τ ∼ ΔV step is less dependent on the surface charge densities at intermediate ΔV step , as expected by dτ/dV S ∼ 1/(C buff + C DL ). This result, combined with the data shown in Figure 2 , indicates that there is a trade-off between the stimulation efficiency and speed, owing to the surface charge effect.
Frequency-Dependent Switching Behavior. The step analysis suggests the maximum continuous operation speed for the protocell device. The dynamic behavior of the protocell in continuous operation must be frequency-dependent. Once the ASIC is disturbed from steady-state, the ability to reach a new equilibrium before the next clock cycle is determined by the switching period. Increasing frequency will produce less changes in ionic concentrations from one cycle to the other, since the radial surface reaction and the axial drift-diffusion do not have enough time to respond. Therefore, it can be expected that the modulation of the ion-contributed ΔV ct will disappear at high frequencies. Figure 6 shows the ΔV ct waveforms in continuous switching operations under various frequencies. At lower frequencies (10 mHz to 1 Hz), ΔV ct can always be modulated stably between two steady-state values (indicated by two arrows, −31 mV and −43 mV). At higher frequencies (>1 Hz), each clock-cycle is too short for the system to reach an ionic equilibrium, and therefore the membrane potential ΔV ct value cannot be modulated between two steady-state values. The modulation of ΔV ct at higher frequencies mostly comes from the electronic contributions instead of ionic ones, owing to the close coupling of the floating nanochannel body potential to V s at the rising or falling edges (Figure 3c) . These results indicate a protocell device of maximum operation frequency around 1 Hz, which can be further increased toward the maximum action potential frequency in biological nerve cells (∼200 Hz) by shrinking the device length (i.e., adopting a gated nanopore structure 29 ) and tailoring the surface charges. Conclusions. In conclusion, we have demonstrated a solidstate protocell with engineered ion channels, whose ion selectivity and membrane potential can be modulated by external electric field, harvesting the major components in a biological voltage-gated ion channel. It can also be viewed as a universal ion exchange membrane, 30 where similar membrane potential modulation has been observed. The experimental results on quasi-statically converting the transmembrane ion gradients into potential validate the voltage regulated selectivity mechanism. Critical factors that affect the modulation efficiency and transient modulation speed are also identified, which has an immediate indication to the transient performances in nanofluidic FETs 12, 26 and chemical charge coupled devices. 31 As a concentration-driven system, the top-down fabricated solidstate protocells provide an excellent engineered model platform to study the membrane phenomena in biological samples, which would lead to the creation of engineered nerve cells and neuron networks due to this approach's potential of integration and surface tailoring. It also has practical indications to desalination and energy generation using solid-state structures.
Methods. Device Fabrication. We used a sacrificial layer method, more specifically, a "bond followed by etch" scheme, to produce the nanochannels. 17 Starting with a 4 in. SiO 2 /Si wafer, an array of chromium thin films are patterned by wet etching. A dielectric SiO 2 layer is then deposited by plasma enhanced chemical vapor deposition and followed by a rapid thermal annealing process to improve its quality. A stimulation gate electrode is thereafter formed by a double layer lift-off process. The reservoirs with supporting pillars and the gate electrode bonding pad are etched simultaneously by reactive CHF 3 /Ar plasma. The device is then aligned and permanently bonded with a microfluidic polydimethylsiloxane stamp by treating them with oxygen plasma. The Cr etchant is pumped into the microchannel and diffusively etches the Cr sacrificial layer in situ. The end-point detection for the etching process is done by looking at the color contrast under a microscope. Deionized water is flushed through the microchannel to rinse the device after the etching process is over, and then the device is ready to use.
Electrical Characterization. The whole testing procedure is done using an automatic system. The solutions were delivered at a constant flow rate of 2 μL/min by pumps (New Era Pump Systems), controlled by a LabVIEW (National Instruments) program. The nanochannels were pumped with deionized water for at least 3 h before use. Aqueous KCl solution is used as a testing electrolyte. The electrical contacts are made of Ag/AgCl electrodes. The quasi-static test is stimulated and measured using two Keithley 2400 sourcemeters. The transient behavior is stimulated and measured by Tektronix AFG 3252 and DPO 4104, respectively. Data postprocessing is done with MATLAB (The MathWorks) software. All measurements are performed inside a Faraday cage at room temperature (298 K).
Numerical 
